The wear of induction cladded coating during motion was investigated through the abrasive mass at a speed of 1.0 to 3.0 m/s and the impact angle of abrasive particles with a worn surface of 0° to 90°. Cladding was performed by using Ni-Cr-Si-B-Fe flame spraying powder. Experimental research was carried out by using the Response Surface Method (RSM) and Central Composite Design (CCD). Analysis of variance proved that both motion speed and impact angle had significant impact on the wear of coating, both individually and interactively. Motion speed had the greatest influence, and the interaction of speed and angle had the least influence. The wear rate increased along with the motion speed increase, and the influence of the impact angle depends on the wear speed. At a speed of 1 m/s, the wear increases along with the increase of angle from 0° to 45° and then continues to decrease up to the angle of 90°. At a speed of 2 m/s, the wear increases along with the angle increase from 0° to 30° and then continues to decrease up to the angle of 90°. At a speed of 3 m/s, the wear increases along with the angle increase from 0° to 20° and then decreases as the angle increases up to 90°. Based on the statistical data processing, this research developed the mathematical model of wear in the form of quadratic polynomial that describes the influences of input variables in individual and interactive form.
INTRODUCTION
All working parts of machinery and equipment used in agriculture, mining and construction industry, in brick and cement industry, in land excavation and transportation, in stone processing, pneumatic transport of mineral substances, etc. are exposed to wear of materials by hard abrasive particles. A special form of such wear occurs when the working part is immersed in a mass of free abrasive particles (abrasive mass) and it moves through this mass at a certain speed, whereby the contact/impact of hard particles and the surface occurs at a certain angle in relation to the direction of the working part motion. During such motion, the surface is simultaneously worn by abrasion and erosion, which is described in previous studies as abrasive erosion [1] [2] [3] [4] [5] [6] or impact abrasion [7] [8] [9] [10] [11] [12] [13] . Experimental researches into such wear were carried out by using some testing methods on equipment that provided as realistic wear conditions as possible. Such equipment refers to the impeller-tumbler wear tester (continuous impact-abrasion test -CIAT) [3, [7] [8] [9] [10] [11] [12] [13] or other specially developed wear testing devices [1, 2, [4] [5] [6] .
Most of the researches on CIAT devices were conducted with constant relative motion speeds of a sample of about 10 m/s, so the influence of speed on the wear rate could not be determined [3, 7 ÷ 13] . In the researches carried out on special devices, the conclusions were usually identical. The research with low motion speed of 1,35 m/s [1] , conducted on circular samples, determined that the wear depended on the abrasive hardness and experiment duration. The research with the speed of 60m/s proved that erosion mechanism with hard particles was more expressed at higher speed impact abrasion [2] . Previous researches [14] analysed tillage tools in laboratory and field conditions to determine the influence of motion speed on the wear rate of conventional materials (steels and copper). Significant increase of wear was determined by increasing the motion speed in the range of 0,25 to 7,0 m/s. This wear was twice as low in laboratory conditions than in field conditions. The influence of motion speed was lower in ductile materials (copper, soft steels), while in harder materials (tempered steel), this influence was significantly higher. The same paper refers to several previous researches into material wear by abrasion with bonded abrasives and abrasion with loose sand, which also confirmed significant influence of motion speed on the amount of wear. All above-mentioned researches indicated that the increase of wear in dependence on speed increase was not linear.
Some studies performed on CIAT devices analyzed the abrasive particle impact angle with the worn surface at a speed of about 10 m/s and its influence on the amount of wear [10, 11, 13] . For harder materials, it was determined that the wear at vertical impact (90°) was greater than at an angle of 60° [10, 11] , whereas for softer materials (ductile steels), the wear at an angle of 30° was greater than at a vertical impact, which was associated with the increase of surface micro-cutting by sliding of hard abrasive particles on it. At a vertical impact, such sliding and micro-cutting are significantly smaller, so that the wear of material from the surface is also reduced [13] . This case confirms the importance of abrasion mechanism in the overall wear. Within the researches into the influence of the impact angle on the wear of ductile (untreated) and fragile (tempered) steels, that were carried out on special devices at a speed of 4,76 m/s, it was determined that the greatest wear of ductile materials occurred at 30° and then decreased with the increase of the angle up to 90°. For tempered steels, the greatest wear occurred at 45° and then decreased with the angle increase up to 90° [4] .
The protection of machine parts from the abrasive wear is mostly performed by abrasion resistant coatings that are applied to the base metal by various technological processes, such as high-frequency induction surfacing. These are highly productive processes, easily automated and highly efficient in the serial production. The advantages of induction surfacing are low depth of penetration into the base metal and the possibility of applying thin layers [15] . Due to these advantages, various types of induction procedures can be widely applied.
Cladding is a process that aims to obtain high-quality properties of expensive surface materials, such as resistance to corrosion and other forms of wear, by combining these properties with the strength and efficiency of inner base material [16] . In general, induction cladding involves electromagnetic, thermal and metallurgical processes, but essentially, it is the procedure of induction heating. Induction cladding is popular because of its production efficiency, fast heating rate, good reproducibility and low energy consumption [17] [18] [19] . Moreover, this method enables creation of metallurgical connections that can withstand high impacts, shear and contact stresses [20] . If compared with other cladding technologies (laser, electron beam, plasma cladding), application of induction cladding is easier and cheaper [21] .
Within the induction cladding, additional materials that create a coating resistant to abrasion may be in the form of strips, strings, rods, powders, pastes or their mixtures. Powder is the most commonly used additional material, and its composition determines to what extent the coating shall be resistant to abrasion. In most tribology researches, powders for induction cladding are Ni-based alloys with significant content of chromium (Cr) [20, [23] [24] [25] . The abrasion resistance is additionally increased with the content of tungsten carbide (WC) [22, 26] , titanium carbide (TiC) [26] or multi component mixtures containing boron (B), silicon (Si), cobalt (Co) and similar [28] [29] [30] . Obtained coatings exhibit high abrasion resistance, as well as suitability for application in many areas. Although the above-mentioned powders are primarily used in thermal spraying, they are also applicable for induction cladding. When comparing the abrasion resistance of coatings of the same powders obtained by both processes, there is a significant advantage determined for the induction coating. In researches [20] , the abrasion resistance was twice as high.
This paper presents the research into the influence of changing motion speed and abrasive particles impact angle on the worn surface of a sample and its influence on the amount of wear of the selected induction-cladded coating. There is also a developed mathematical model that describes the individual and interactive influences of the stated parameters with a high level of statistical significance.
EXPERIMENTAL RESEARCH 2.1 Experiment Plan
The experiment is focused on the wear testing of induction-cladded samples that move through the abrasive mass at different motion speeds and impact angle of particles with the worn surface of the sample.
In this research, the input variables are the motion speed in range from 1,0 to 3,0 m/s and the impact angle of abrasive particle with the worn surface in range from 0° to 90°. The length of wear path for all samples is 50 000 m (50 km). Output variable is the loss of mass that occurs because of the sample surface wear.
The experiment is carried out by using the Response Surface Method (RSM) [31] . Since a nonlinear response function of influences by individual factors and by their interaction is expected, there is a central composite design (CCD) applied in the experiment. 
Processing of Samples
Wear testing is performed on samples of dimensions 20×40×5 mm, made of non-alloy carbon steel C45G (substrate) and with chemical composition which is shown in Tab. 1. Cladding is performed by using Ni-Cr-Si-B-Fe flame spraying powder (UTP HA-6, Böhler Welding). The applied coating enables the hardness of up to 50 HRC, and good resistance to corrosion and wear, even at high service temperatures. The powder UTP HA-6 has a granulation of 106 ± 20 µm, and its declared chemical composition is overviewed in Tab. 2. High frequency induction cladding is applied for coating. The device used for preparation of samples is applied in wear protection of agricultural tillage tools [33] . As shown in Fig. 2 , this process comprises the following phases: -even application of powder on the base material surface in the thickness of approx. 2,5 mm; -melting of powder and creation of a cladded layer by heating at 1150 °C and passing through the inductor. Device for induction heating consists of highfrequency generator, inductor for flat surface heating, the device for attaching parts in the inductor and autonomous installation of water-cooling system. Device characteristics are overviewed in Tab. 3.
Figure 2 Induction cladding

Analysis of Material
Sample microstructure is recorded by inverted metallographic microscope Olympus GX51F-5 with integrated digital camera DP25 and corresponding software for image analysis.
Microanalysis of the cladded layer chemical composition is performed by a scanning electron microscope (SEM) Tescan Vega TS5136LS with energy dispersive X-ray spectroscopy (EDS).
Surface hardness and sample cross-section hardness is measured by Shimadzu Microhardness Tester Type M.
By applying the described technology of induction cladding, the samples are coated by a layer of ca. 1 mm and with microstructure which is presented in Fig. 3 . As of the presented microstructure, it is visible that there is a clear light transitional boundary between the layer and the base material and that there is a very good metallurgical bond. There is a partial porosity within the layer structure, while the layer surface is homogeneous and without porous spots.
The composition of the cladded layer is determined by the EDS analysis, as shown in Fig. 4 . 
Equipment for Wear Testing
The wear testing is performed at the device [34] , which is schematically presented in Figure 6a During the experiment performance, there is just one sample surface in dimension of 20×40 mm exposed to wear, which is enabled by placing the sample in the holder that protects other sample surfaces from wear, as presented at Fig. 6b .
Wear testing is performed in the mass of free abrasive particles in the standard quartz sand Ottawa AFS 50/70, of rounded grain size 212 ÷ 300 µm, the morphology of which is shown in Fig. 7 . 
RESULTS AND DISCUSSION
Statistical data processing is carried out by using the licensed software Design-Expert (v. 6.0.8, Stat-Ease, Inc., Minneapolis, 2002). The results of the performed wear testing are shown in Tab. 5, by applying the randomization principle in the experiment sequence. The response surface model is selected by using the sum of squares method, as presented in Tab. 6.
For the experiment, there is the suggested model of quadratic polynomial that has the highest F-value (57,81).
The significance of the suggested model is supported by the value of Prob > F, which is lower than 0,05 %. Testing of the significance of the model and of the experiment variables is performed by analysis of variance (ANOVA), as it is overviewed in Tab. 7.
The model F-value of 46,85 points out its significance. The Prob > F value indicates that there is only 0,01 % probability that such high F-value occurred because of noise.
Lack of Fit in the amount of 8,62 indicates the existence of noise, yet the value of Prob>F shows that this affects the model by only 5,51 %, which is not significant.
The value of Prob > F for the polynomial members that are lower than 0,0500 indicates their significance in the wear model.
From the analysis of variance is visible that all polynomial members (A, B, A2, B2, AB) have the Prob > F value lower than 0.0500. This means that both variables of the experiment have significant influence on the wear, both in individual form and in mutual interaction. By considering their F-values, it can be concluded that the motion speed has the most important influence, and that the interaction of variables has the least important influence. There is a mathematical model developed in the coded form for the suggested response surface model: Comparison of the actually measured data obtained in the wear experiment and the predicted data obtained in the suggested model of quadratic polynomial determines their dispersion, i.e. their mutual deviation. The diagram in Fig.  11 shows slight dispersion of the data, which confirms the applicability of the suggested wear model.
CONCLUSION
The research is carried out to determine the wear of coated samples, obtained by induction cladding with NiCr-Si-B-Fe flame spraying powder. Samples are tested in conditions of motion through the mass of free abrasive particles. The mentioned coating proved satisfactory resistance and applicability in technical systems that are exposed to the examined cases of wear.
Induction cladding is also proved to be applicable in practice, since it can provide a hard layer of appropriate surface hardness, with good metallurgical bond with the base material and with low porosity within the layer that does not reduce the abrasion resistance of the entire coating.
Statistical analysis of experiment results lead to the creation of a mathematical model of wear in the form of quadratic polynomial that describes the influences of the input variables, both in individual and in the interactive form.
Motion speed had the greatest influence on wear of the cladded coating, as the wear rate of coating increased along with the increase of speed at all impact angles.
Impact angle of abrasive particles and worn surface affects the wear of coating, so that at a speed of 1 m/s the wear increases along with the angle increase from 0° to 45°, and then it decreases with the further increase of the angle up to 90°. At a speed of 2 m/s, the wear increases along with the increase of the angle from 0° to 30°, and then it decreases with the further angle increase up to 90°. At a speed of 3 m/s, the wear increases by the angle increase from 0° to 20°, and then it decreases with the further angle increase up to 90°.
Motion speed and impact angle have significant interactive influence on the wear of coating.
Predicted and actual values are satisfactorily close, which confirms that the developed quadratic model of wear can be efficiently used in predicting the wear of the cladded coating.
